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The Escherichia coli chemotaxis signal transduction pathway is a member of the widespread family of two-component regulatory systems (reviewed in ref. 1) . Two-component signal transduction pathways are defined by the conservation of an autophosphorylating histidine kinase and a response regulator with a conserved aspartate phosphorylation site. Propagation of the signal occurs through both covalent protein modification and noncovalent protein-protein interactions in a simple pathway (reviewed in refs. 2 and 3).
In the chemotaxis signaling pathway, the histidine autokinase CheA serves as the phosphodonor for two response regulator proteins, CheY and CheB (4) . CheB is a methylesterase involved in signal attenuation. CheY functions as a phosphorylation-dependent switch in the excitation response. A single domain of the kinase CheA (residues 159-227, hereafter referred to as P2) is likely to be responsible for localizing the phosphoacceptors in the vicinity of the kinase for subsequent phosphorylation, because protein fragments containing the P2 domain of CheA can bind to CheY with an affinity similar to that of the full-length protein (5, 6) . CheB binds to a fragment of CheA (residues 1-233) that contains both the P2 domain and the N-terminal phosphotransfer domain with an affinity similar to that of full-length CheA (6) .
We are interested in the mechanism of signal transduction in the chemotaxis pathway and in two-component systems in general. Of particular interest are the conformations achieved during the signaling process and the ways in which discrimination can be achieved among pathways containing homologous members. Previous works have determined the structure of CheY and of the P2 domain in the free state (7, 8) . Recently, an independently determined crystal structure of CheY and the P2 domain of CheA was reported (9) . The heterodimer structure reported by Welch et al. (9) at 3.0-Å resolution is of a slightly different construct of CheA than that described here, and crystallizes in a different space group. In this article we describe the crystal structure at 2.0-Å resolution of the complex of CheY and P2 that reveals that this interaction interface has two binding modes. These two binding modes and the conformational changes between the free and bound forms yield insight into the nature of protein-protein interactions that may be important for signaling.
MATERIALS AND METHODS
Protein Expression and Purification. CheY was expressed in E. coli and purified to homogeneity by the standard methods (10) . CheY was dialyzed into 10 mM Tris⅐HCl, pH 7.0/0.02% sodium azide and concentrated to 18 mg͞ml.
A gene encoding residues 156-229 of full-length CheA, plus an N-terminal methionine residue, was generated by using standard PCR methods using the plasmid pTM22 (11) as a template. The selection of residues encompassing the P2 domain was based on sequence comparison that identified conserved regions (11) and the NMR analysis of residues 124-257 that identified those residues that are structured in solution (12) . Protein was expressed and purified in a manner similar to that reported by McEvoy et al. (12) , with the addition of an ammonium sulfate precipitation step before application to a G50 sizing column as the last purification step. P2 was dialyzed against 10 mM Tris⅐HCl, pH 7.0/0.02% sodium azide and concentrated to 30 mg͞ml.
Crystallization, Data Collection, and Refinement. Crystals were grown in hanging drops containing 1 l of CheY (15 mg͞ml), 1 l of P2 (9 mg͞ml), and 2 l of well solution (0.5 ml of 0.63 M NaH 2 PO 4 ͞1.17 M K 2 HPO 4 ͞10 mM NH 4 Cl, pH 7.0) in vapor equilibrium with the well solution at room temperature. Maximum crystal dimensions were 1.2 ϫ 0.5 ϫ 0.03 mm. Data were collected at room temperature. Native data and the selenomethionine-CheY and K 2 PtI 6 derivative data were collected at the Stanford Synchrotron Radiation Laboratory on beam lines 7-1 and 9-1. The imaging plate data were processed with the programs DENZO and SCALEPACK (13) . Data for the crystals soaked with HgCl 2 were collected in house on a Xuong-Hamlin multiwire area detector and processed by using the supplied software (14) .
Initial phase information was obtained from three derivatized crystals. Heavy atom derivatives were obtained by soaking the crystals in reservoir buffer containing 1 mM HgCl 2 or 1 mM K 2 PtI 6 for 15 min or 6 months before data collection, respectively. Selenomethionine containing CheY protein was expressed and purified essentially as described above, with modifications for selenomethionine incorporation (15) . Initial multiple isomorphous replacement phases were calculated at The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
3.0-Å resolution (figure of merit ϭ 0.51) by using the PROTEIN program (16) . Solvent flattening of the electron density maps was carried out using the density modification function of the CCP4 software package (17) . A real space search (S.J.R., unpublished program) of the electron density map using the ␣-carbon backbone of E. coli apo-CheY (3chy; ref. 7 ) as the search model showed two prominent peaks 13 and 10 SDs above the mean. The R-factor after placement of the two CheY molecules was 0.58 for the resolution range 8.0-5.0 Å. The positions of the two CheY molecules were refined as a rigid body by using the software package TNT (18) . A real space search using the ␣-carbon backbone of the NMR-derived P2 domain (1fwp; ref. 8) as a model showed a peak 7 SDs above the mean. The second P2 molecule was placed by rotation and translation to the comparable position on the other CheY molecule. Rigid body refinement of the positions of all four molecules in the asymmetric unit was performed, then positional refinement. Model building was done by using the program O (19) . Phase combination was performed and reduced-bias 2F o Ϫ F c maps were calculated by using SIGMAA (20) . Native and derivative data and refinement statistics are given in Table 1 .
The final model consists of residues 2-129 of CheY-A, residues 2-129 of CheY-B, residues 159-225 of P2-A, and residues 158-226 of P2-B, and 124 water molecules. Solvent-accessible surface area and secondary structures were calculated by using the program DSSP (21) . Overlay coordinates were generated with the program EDPDB (22) . Hydrogen bonds were evaluated by using the program HBPLUS (23) , which defines hydrogen bonds according to standard geometric criteria. The alignment of the CheY and CheB protein sequences was generated by using the GCG package (version 8.0; Genetics Computer Group, Madison, WI).
RESULTS
Overall Structure of the Heterodimers. The structure of the CheY͞P2 complex has been determined at 2.0-Å resolution by using a combination of multiple isomorphous replacement and molecular replacement. The final statistics for native and derivative data collection and structural refinement are given in Table 1 .
There are two CheY͞P2 heterodimers in the asymmetric unit, which surprisingly show two different modes of association (Fig. 1) . While the heterodimer interfaces both involve association of the fourth and fifth helices and the fifth ␤-strand of CheY with the two helices of the P2 domain, a superposition of the two CheY molecules does not superimpose the two P2 molecules. A further 10.7°rotation of one P2 molecule relative to the other is required to optimally align the two molecules. The differences between the two heterodimers, termed the CheY͞P2-A and CheY͞P2-B heterodimers, are discussed in detail in the following section.
Though the mode of association of CheY and P2 is different in the two heterodimers, the overall structures of the two CheY and P2 molecules in the asymmetric unit are similar, having rms deviations of 1.0 Å and 0.63 Å for CheY and P2, respectively. The greatest difference in the structures of the two CheY molecules is in the position of the fourth helix relative to the first helix. The fourth helix is one of the helices forming the binding interface and therefore the two binding modes observed influence the local structure in this region, causing differences in CheY structure.
Details of the Binding Modes. While the two heterodimers have similar interface regions, the details of the interactions differ. The hydrogen bonds in each heterodimer are listed in Table 2 . In total, there are nine hydrogen-bonding interactions in the A-heterodimer and six in the B-heterodimer. Of these, five involve the same partners, though the distances differ. In the B-heterodimer, there is a hydrogen bond between K122 of CheY and E171 of P2, though in the A-heterodimer K122 is forming a water-mediated hydrogen bond to the backbone carbonyl of A169. K119 of CheY is hydrogen bonded to E178 SSRL, Stanford Synchrotron Radiation Laboratory; NA, not applicable. *Rmerge ϭ 100(͚͉I Ϫ ͗I͉͚͉͘͞I͉), where ͗I͘ is the average intensity of equivalent reflections. † RC ϭ ͚ʈFder͉ Ϫ ͉Fnat ϩ fHʈ͚͞ʈFder͉ Ϫ ͉ Fnatʈ, where Fder and Fnat are the derivative and native structure factor amplitudes, respectively, and fH is the heavy atom scattering factor. ‡ R-factor ϭ 100(͚ʈFo͉ Ϫ ͉Fcʈ͉͞Fo͉), where Fo and Fc are the observed and calculated structure factor amplitudes within the set of reflections used for refinement. Refinement was carried out using the data between 20.0 Å and 2.0 Å. Overall CheY Structural Changes. Moderate changes are seen in the overall structure of CheY by a comparison of the ␣-carbon backbones of CheY in the P2-bound heterodimer and the unbound E. coli apo-CheY structure (7) . While the overall secondary structure elements are retained, concerted changes have occurred between secondary structure elements (Fig. 2) . The overall backbone rms deviation is 1.8 Å between the ␣-carbon atoms of E. coli apo-CheY (3chy; ref. 7) and CheY of either heterocomplex. The rms deviation of the ␣-carbon backbones of CheY in the heterodimer and other E. coli CheY crystal structures of various metal-bound or mutant states varies from 1.8 Å to 2.2 Å (7, (24) (25) (26) (27) . The overall relative changes in CheY structure are greater in the P2-bound structures of CheY than those observed between any of the other structures of CheY that are available. Large localized structural alterations are observed in E. coli CheY in the Mg 2ϩ bound form (24) , but the magnitude of the overall distortion of the backbone is not as large as is observed in CheY when in complex with the P2-domain.
The largest changes between the free and P2-bound CheY structures are in the positions of the helices. In general, the helices have undergone an expansion compared with their positions in E. coli apo-CheY as determined by analysis of a ␦-distance plot (data not shown). The first helix has moved with respect to both the second and third helices, and the third helix is farther from the fifth helix in the heterodimer structures. The helices of both the CheY-A and CheY-B molecules have undergone these conformational changes relative to E. coli apo-CheY.
CheY Active Site. Previous structural and functional studies have implicated a number of areas in CheY that may be crucial for activation, both within and distant from the active site. The conformational changes observed between the structure of CheY bound to P2 and the E. coli apo-CheY structure (3chy; ref. 7) are reported in the following paragraphs. Because P2 preferentially interacts with the unphosphorylated form of CheY (28, 29) , these changes may influence the rate of phosphotransfer. In general, the active sites of E. coli apo-CheY and P2-bound CheY are similar. The active site of CheY is distinct from the P2 binding face, and therefore is not sterically obstructed by P2 binding. The aspartates in the active site of the free and P2-bound structures of CheY have equivalent conformations. The electron density map shows a well-ordered feature in each CheY active site, at a position comparable to that of a bound water molecule in the active site of the E. coli apo-CheY structure.
In the E. coli apo-CheY structure, a salt bridge is formed between D57 and K109 (7), which will necessarily be disrupted as a consequence of phosphorylation of D57. The disruption of the D57͞K109 interaction has been suggested to be involved in switching from the inactive to active signaling state (29) . In the E. coli apo-CheY structure, the distance from the carboxyl group of D57 to the amino group of K109 is 2.7 Å (7), and the distances are 3.3 Å and 3.4 Å in the A-and B-heterodimers, respectively.
In addition to localizing CheY near the phosphorylation domain of CheA, binding of the P2 domain might facilitate phosphotransfer by opening up the active site of CheY for phosphorylation by CheA. Upon binding of the P2 domain, the solvent accessible surface area of D57 increases 2-fold, from 8 Å 2 in the E. coli apo-CheY structure (7), to about 16 Å 2 when bound to P2. Phenylalanine 14, which partially closes the active site in the apo and Mg 2ϩ bound structures of E. coli CheY (7, 24) , adopts a more open conformation in the heterocomplex, thereby providing more access to the active site than in the unbound CheY structure (Fig. 3) .
The accessibility of the active site in the P2-bound conformation of CheY is evidenced by a crystal contact between two symmetry-related CheY-A molecules. The carboxyl group of a glutamate side chain (E5) of a CheY-A molecule projects into the active site region of an adjacent CheY-A molecule. The electron density for this glutamate side chain is weak, but clearly oriented toward the active site.
Mutational analyses (29, 30) suggest that there may be residues, such as Y106, that participate both in P2 interaction and interaction with switch components in the flagellar basal body. Tyrosine-106 is located in the fifth ␤-strand on the putative switch binding surface of CheY (7, 29) . The conformation of this tyrosine side chain may be important for CheY-induced switching of the flagellar motor, because mutations of CheY have been isolated that force the tyrosine to preferentially occupy the solvent-exposed position, and these show defects in motor switching (25, 26, 31) . In E. coli apo-CheY, Y106 is observed to occupy two states, being found in an exposed solvent accessible position and buried in a more hydrophobic pocket (7) . In both of the heterodimers, Y106 occupies the solvent accessible rotamer, and makes a hydrogen bond to a P2 residue. Structure of the P2 Domain of CheA. The structure of the P2 domain when bound to CheY is similar to the unbound structure determined in solution by NMR methods (8) . The rms deviations of the ␣-carbon backbone between the average solution structure and the P2-A and P2-B domains in the crystal structure are 2.4 Å and 2.2 Å, respectively, over residues 159-225. In P2 of the heterocomplexes, the helices are shifted from their positions relative to the unbound structure (8), causing moderate overall changes in the structure of the protein. These conformational differences could possibly be due to conformational changes induced by CheY binding, a reflection of the different environments (solution or crystalline), or the accuracy of the solution structure determined by NMR methods. Determination of the relative contribution of these factors is not possible now.
Interface Residue Conservation. CheA interacts with the methylesterase CheB with a binding affinity similar to that of CheY (6) . Based on the similar binding affinity and the presence of a response regulator domain of CheB that is homologous to CheY (26% residue identity), it is not unreasonable to hypothesize that the interface-forming residues of CheY may be conserved in CheB. The fifth helix is generally highly variable, possibly because in many other response regulators this regions serves as a transition point to a Cterminal domain (32) . Surprisingly, few of the interface forming residues of CheY are identical or similar to corresponding residues in CheB (Fig. 4) .
DISCUSSION
Heterodimer Interactions. The crystal structure of the CheYP2 complex reveals that there are two binding modes that involve the same interface. The observation of two different binding modes involving different hydrogen bonding schemes is remarkable and suggests that flexibility of the interface may be functionally important. These differing interactions can be likened to domain motions with respect to each other as have been observed in crystal structures of multidomain proteins.
An NMR analysis of CheY bound to P2 in solution identified a number of residues in the C-terminal region of the protein that may form a CheA binding interface based on chemical shift changes of CheY resonances in the presence of P2 (5). Many of these residues (I96, A103, G105, K122, I123, and K126) are also observed to be interface residues in the crystal structure of the heterocomplexes. The additional residues in the fourth ␤-strand of CheY identified by the NMR analysis that have little exposed surface area (M85, V86, and T87) are likely to have perturbed chemical shift values in the presence of P2 due to indirect effects of structural rearrangement. The general agreement between the residues identified by NMR and x-ray diffraction suggests that the contacts seen between CheY and P2 in the crystal are present in the complex in solution.
A mutational analysis of CheY identified a cluster of residues on CheY that lead to altered CheA binding (D13, T87, A90, E93, Y106, V108, F111, T112, and E117) (30) . These interface residues are not the same interface residues observed in the crystal structure of the heterocomplexes, with the exception of residues A90 and Y106. Based on the observation of the overall plasticity of CheY in the heterocomplex, it now seems likely that these mutationally identified residues cause structural modifications that are propagated through CheY structure to alter the binding affinity.
Overall CheY Structure. It is likely that the conformational changes of CheY seen in the heterodimer with P2 reflect those conformations that are the most easily phosphorylated. The moderate structural changes in the P2-bound CheY structure may enhance the rate of phosphotransfer. Because other structures of CheY determined under different crystallization conditions and in different space groups do not show structural changes on the order of those found in the heterodimers we conclude that the conformational changes we observe in CheY are induced by binding to the P2 domain, rather than an artifact of crystallization.
After phosphorylation has occurred, at least some aspects of the phospho-CheY structure are no longer optimal for kinase binding because affinity is reduced (6, 28) . The site of phosphorylation is not in contact with P2 so the reduction in affinity must reflect changes in the P2-binding interface of CheY. One way to reduce the interaction with P2 would be to move Y106 Proc. Natl. Acad. Sci. USA 95 (1998) to an inaccessible site upon phosphorylation, resulting in the loss of the Y106 hydrogen bond to H181 in P2. CheY Active Site. The binding of P2 may have induced conformational changes in the active site of CheY that enhance the phosphotransfer reaction. One of these conformational changes is the lengthening of the D57͞K109 salt bridge. Phosphotransfer from CheA to CheY has a requirement for divalent cation (33) . In two Mg 2ϩ -bound CheY structures, the D57K109 salt bridge is disrupted by the coordination of Mg 2ϩ in the active site (24, 34) . The lengthening of the salt bridge in the P2-bound CheY structure may represent a conformation that is poised for Mg 2ϩ binding and subsequent phosphotransfer. Another active site formational change is in the position of F14, which increases the accessible surface area of the phosphorylation residue, D57. NMR studies of E. coli CheY suggest that there is flexibility in this region (35) , and therefore the binding of P2 may induce the open conformation preferentially.
The penetration of a glutamate side chain from a symmetryrelated CheY molecule into the active site of one of the CheY molecules demonstrates the accessibility of the active site to a negatively charged group from another molecule when CheY is bound to P2. This may reflect the interactions taking place during the phosphotransfer reaction. The phosphohistidine from the phosphotransfer domain (CheA 1-134 ) of CheA requires access to the active site, and the phosphohistidine from the surface of the P1 domain may penetrate the active site of CheY much as the glutamate side chain of the symmetry-related CheY molecule does.
Interface Residue Conservation. The P2-interface forming residues of CheY are not conserved in the homologous domain of the methylesterase CheB. If the P2 binding site on CheB is in a similar region to that of CheY, this seems to exclude the possibility that there is a molecular ''code'' of amino acids that are used by the kinase to recognize the cognate response regulators. The plasticity of CheY and P2 demonstrated by the different binding modes of the two heterodimers may be essential for recognition of CheB using different specific contacts.
Concluding Remarks. The interactions of CheY and the P2 domain of CheA exhibit flexibility in their mode of interaction, which may be a functionally relevant feature. In addition to the two binding modes that are presented here, the recently reported heterodimer structure of Welch et al. (9) seems to present yet another mode of interaction. The heterodimer structure of Welch et al. is similar to those described here in overall features, and equivalent conformations of F14 and Y106 are also observed. The details of the interface hydrogen bonding differ, and the amount of buried surface area is slightly less than what is observed in either of the two heterodimers presented here.
The crystal structure of the CheY͞P2 complex reveals unexpected plasticity in the overall CheY structure as well as in the details of interactions with P2. This result, combined with the lack of sequence conservation of key residues in the proposed CheB͞P2 binding interface, suggests that structural malleability is a vital feature of protein-protein interactions in response regulators. This observation is consistent with the NMR evidence for long-range conformational changes upon phosphorylation (10, 36) , suggesting that the observed plasticity of CheY itself is essential to its role in signal transduction.
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